We present a new implementation of photoproduction processes in e + e − and ep collisions into PYTHIA 8 Monte-Carlo event-generator. In particular we discuss how the parton showers and multiparton interactions are generated with a resolved photon beam and what is the relative contribution from direct processes in different kinematical regions. As an application we show comparisons to data for charged-particle production in e + e − and ep collisions at LEP and HERA. We consider also photoproduction of dijets comparing to data for ep collisions at HERA and discuss about possibility to further constrain nuclear PDFs with ultra-peripheral heavy-ion collisions at the LHC.
Introduction
Photon-initiated processes can be studied in many different collider setups. In the future e + e − colliders photon-photon processes can generate additional QCD background for many processes and, for example, provide an additional channel to produce a Higgs boson. In ep colliders one can study photon-hadron interactions which are sensitive to the structure of the resolved photon and the target hadron, and contribution of the multiparton interactions (MPIs) for particle production with photon beams. Furthermore, different nuclear modifications can be probed in ultra-peripheral heavy-ion collisions. Here there are no hadronic interactions but one of the nuclei emit a photon that interact with the other nucleus. In particular these collisions can provide important future constraints for nuclear PDFs (nPDFs).
PYTHIA 8 [1] is a general purpose Monte-Carlo event generator that is capable of simulating all particles created in an event. Event generation starts from the hard process of interest. The next step is to generate initial-(ISR) and final-state radiation (FSR) and the MPIs, evolving from the hard-process scale down to a scale below which physics becomes non-perturbative, see Ref. [2] for details. The event is then hadronized using Lund string model and unstable hadrons are decayed into stable ones measured in the detector. Main emphasis has been on pp collisions at the LHC but extensions to other collision systems have been developed. Here we discuss about recent developments for photon-photon and photon-hadron interactions in e + e − and ep collisions [3] .
Framework
Probability for the MPIs in PYTHIA 8 is given by the 2 → 2 QCD processes [4] . The divergence in the p T → 0 GeV/c limit is regulated with a screening parameter p T0 such that dσ dp
The parameter is taken to be energy dependent and is parameterized as p T0 (
where the default Monash-tune provides values p ref T0 = 2.28 GeV/c and α = 0.215 for (anti)proton beams. Since the structure of a resolved photon is evidently different than the structure of a proton, the value of the screening parameter should be revised. This is one of the outcomes of the presented work.
Photon beam
Photons may interact as an unresolved particle (direct photon), or fluctuate into a hadronic state with equal quantum numbers (resolved photon). In the former case the photon itself act as an initiator of the hard process whereas in the latter case the constituent partons are the initiators. As with hadrons, the distribution of the partons can be described with PDFs, f γ i (x, Q 2 ), which scale evolution are given by the DGLAP equations. In addition to the usual splittings of partons, for a resolved photon one needs to take into account also γ →splittings of the beam photon, giving [5] 
where P ij (z)'s are the usual DGLAP splitting kernels for a given j → ik splittings. The additional γ →splittings provide more quarks at higher values of x than with hadron beams. In this work we use photon PDFs from CJKL analysis [6] . For the parton shower generation the additional term corresponds to a probability to end up to the original beam photon when tracing back the ISR splittings that have taken place for the hard-process initiators. If this happens, there are no further ISR emissions or MPIs below the scale where this happens, or need for any beam remnants.
Since the interacting photons can be either resolved or direct, there are three different types of processes that needs to be taken into account for a photon-photon interaction: resolved-resolved, resolveddirect, and direct-direct. For the resolved-resolved contribution the full parton-level evolution needs to be generated including ISR and FSR and also possible MPIs. For direct-resolved case no MPIs are present nor ISR for the direct side. For direct-direct case only FSR is relevant. The relative contribution of each process type depends on the kinematics, typically direct (resolved) processes dominate when x is large (small). In case of photon-hadron interaction the photons can be either resolved or direct.
Photon flux from leptons
The photon flux from lepton l can be modelled with equivalent photon approximation (EPA). Integrating the flux over allowed photon virtuality yields
The virtuality of the photon, Q 2 , is related to the lepton scattering angle so the lower Q 2 limit for the splitting can be derived from the kinematics. The appropriate upper limit depends experimental configuration. Here we have considered only quasi-real photons so Q 2 max 1 GeV 2 .
For the direct contribution the spectrum of photons can be obtained directly from the flux. The distribution of partons in resolved photons that is coming from the lepton beam can be obtained by convoluting the photon flux f l γ with the parton-inside-photon PDFs f
where Q 2 is now the factorisation scale and x = x/x γ . The partonic evolution is then performed for the photon-photon(hadron) sub-collision constructed according to sampled x γ values.
Results
3.1 Charged-hadron photoproduction in e + e − Photon-photon interactions in e + e − collider have been studied in LEP. A suitable observable to compare our new framework is the charged hadron production for which measurement from OPAL experiment exists [7] . The measurement used anti-tagged events where the angle of scattered leptons is beyond the acceptance so that they are not seen in the detector. With the OPAL kinematics this translates into a virtuality cut Q 2 < 1 GeV 2 . Figure 1 shows the ratio between the OPAL data and the result of simulations combining direct and resolved contributions without any MPIs with different invariant mass W bins. Also the individual contributions from direct-direct, direct-resolved and resolved-resolved are plotted separately to quantify the contribution from each of these. The data is then compared to the results with 
Charged-hadron and dijet photoproduction in ep
There are plenty of data available for the photoproduction in ep collisions from HERA collider. Again a useful observable to study the effect from MPIs is the charged-hadron production for which data exists from H1 [8] and ZEUS [9] experiments. The kinematical cuts in the H1 measurements corresponds to average invariant mass of photon-proton system of W γp = 200 GeV. The simulations are compared to this data in Fig. 2 as a function of p T and η. The data is best described with p Another useful observable to study photon-hadron interactions is photoproduction of dijets. For this we can use data from ZEUS [10] where the photon virtuality is restricted to Q 2 < 1.0 GeV 2 and 134 < W γp < 277 GeV. The transverse energy cuts in the data are E jet1 T > 14 GeV and E jet2 T > 11 GeV, where jet 1 (2) is chosen to be the jet with the (second) highest E T within pseudorapidities −1 < η < 2.4. Still it is not possible to separate the direct and resolved processes apart, but by defining
some sensitivity for different contributions can be obtained. Here y is the inelasticity of the event and E e is the energy of the positron beam. Figure 3 shows a comparison of data and PYTHIA simulations for the dijet cross section as a function of x obs γ , where again the direct and resolved contributions are shown separately. The simulations are performed with p ref T0 = 3.0 GeV/c tuned to charged particle production data above. In general the agreement is decent and indeed the events from direct processes tend to sit at higher values of x obs γ as expected. However, the resolved processes do provide some contribution also at x obs γ > 0.8. A possible explanation of the slight overshoot of the data might result from differences in the applied jet algorithms-this will be studied in more detail later on.
Recently it has been argued that dijet production in ultra-peripheral heavy-ion collisions at the LHC could provide further constraints for nuclear modification of the PDFs [11] . Since the expected (per-nucleon) invariant mass of photon-ion system is not that far from the W γp in ep at HERA, a qualitative study for the argument can be done just by using nPDFs for the target and quantifying the uncertainty using a realistic nPDF set. Figure 3 shows the result of this exercise using EPS09LO nPDFs [12] reduces the contribution from resolved processes and therefore minimizes the uncertainty from the photon PDFs. With the given kinematics ∼ 10 % nPDF-originating uncertainty is found demonstrating the experimental accuracy required to further constrain the nPDFs. In addition, such a measurement would provide an unique test for the factorisation of the nuclear modifications. A more detailed study using the accurate photon flux from a nucleus and LHC kinematics is in the works.
Summary
We have included a framework to simulate different photoproduction processes for different collision systems for PYTHIA 8 event generator including direct and resolved processes. The framework is validated by comparing charged-particle photoproduction cross sections in e + e − and ep collisions to experimental data from LEP and HERA. These data are also used to constrain the role of MPIs for the resolved photon processes for which studies have been few. The data favoured ∼ 45 (30) % larger value for p ref T0
for γγ (γp) than what were found optimal for pp, which translates into a smaller MPI cross-section. Also comparisons to data for photoproduction of dijets at HERA showed a reasonable agreement with the simulations. In future we will extend the photoproduction framework to ultra-peripheral heavy-ion collisions which can further constrain nPDFs.
